Abstract: Long-Term Persistence of ChromosoméÁ berrations in Uranium Miners: Gabriella MESZAROS, et al. "Fodor József" National Public Health Center, "Frédéric Joliot-Curie" National Research Institute for Radiobiology and Radiohygiene, HungaryChromosome aberration analyses were performed on blood samples from 165 active underground uranium m i n e r s b e t w e e n 1 9 8 1 a n d 1 9 8 5 . A f t e r decommissioning the mine in 1997 chromosome aberration analyses were also included in the medical laboratory investigations of health conditions of 141 subjects between 1998 and 2002 within the framework of a follow-up-study. The numerical data are presented as functions of the exposure categories expressed in working level month up to 600. In the active groups the dicentric level was 7 to 12 times higher than in the unexposed population, the acentrics also higher with more than an order of magnitude, the frequency of total aberrations-including dicentrics, acentrics, rings, deletions, minits and numerical aberrations, i.e. both chromatid and chromosome type of aberrations were also well above the control level. In the group of former uranium miners although there were slight decreases in the dicentrics after 8 to 25 yr, the values were not significantly different from the values of active miners. The frequency of deletions was also maintained in the post-mining period. The frequency of acentrics, however, decreased significantly, but even the lowest values remained 2-3 times higher than the values in the unexposed population.The possibility is suggested that for the long-term persistence of cytogenetic alterations the permanent production and presence of clastogenic factors might be responsible. The comparison of the two datasets suggest a long-term persistence of cytogenetic alterations above the
The frequency of structural chromosomal aberrations in human peripheral blood lymphocytes has been conceptualized as a biomarker of early effects in the progression of carcinogenesis 1) . Bonassi et al. 2) found that the association between the frequency of chromosomal aberrations and cancer risk did not appear to be modified by sex, age or time. Cytogenetic analysis was validated as a sensitive biomarker of exposure and has been used to detect occupational and environmental exposures.
Despite the large occupational population worldwide of underground uranium miners, rather few studies have been published on the cytogenetic status or injuries to exposed persons [3] [4] [5] , especially on the long-term persistence of aberrations. In this paper data are presented on the cytogenetic alterations in former uranium miners.
Materials and Methods
In this paper we present our data collected in the period 1981-1985 on 165 persons exposed to different radon concentrations expressed in working level month (WLM) units from 100 up to 600.
One working level (WL) is defined as any combination of radon and radon daughters in 1 l of mine air, which will result in the emission of 1.3 × 10 5 MeV of potential α energy. One WLM is 1 WL times 170 working hours. 1 WLM=5.06 mSv for workers 6) . Data for WLM values were provided by the Regional Occupational Health Center.
Following the decommissioning of the uranium mine in Hungary in 1997 the cytogenetic status of 141 persons-not the same ones who were investigated in their active years between 1981 and 1985, but these persons were categorized also according to their former cumulative exposures-were determined within a follow-up-study of their health conditions initiated by the Hungarian Academy of Science. The persons had terminated their underground activities 3 to 25 yr before testing.
The subject population consisted of smoking male workers, aged between 35 and 65 (in the 1981-1985 group), and between 50 and 78 (in the 1998-2002 group).
Whole blood samples were taken in heparinized tubes and cultured for 48 hours in the presence of bromodeoxyuridine. The chromosome sets were scored after fluorescence plus Giemsa staining 7) -checking for first division-from duplicate slides. Only cells within the first cell cycle were evaluated in at least 100 metaphases from each person. 
Results

Data obtained between 1981 and 1985
The frequency of chromosome aberrations in peripheral lymphocytes of exposed persons as a function of their exposures in WLM are shown on Table 2 . It is seen that the aberration frequencies were significantly higher than the values in the unexposed population in all exposure groups and for all types of aberrations scored (One sample t tests; p<0.01). Furthermore, among the various exposure groups increasing tendencies were found in the function of WLM categories with respect to the total number and the frequency of dicentric chromosome type aberrations. Although the groups among themselves are not statistically significant (Kruskal-Wallis test with Dunn's Multiple Comparison post-test; p>0.05), this can be explained by the "arbitrarily" divided continuous scale and therefore the rather high standard deviations. The frequency of dicentrics suggests a linearly increasing tendency as the cumulative exposure gets higher, whereas in the IV and V categories the frequencies seem to reach a plateau, then either they level off at this value or decrease.
The persons tested have worked for years in an underground mine. In the meantime the working conditions have been improved considerably, so that their exposure levels were decreasing. For this reason an analysis was also performed, when the dicentric aberration frequencies were not related to the cumulative exposure only, but to the average yearly exposure, too. On Fig. 1 . these relationships are demonstrated. It is evident from the linear regression analysis of the average frequencies in various categories that the dicentric aberrations were increased in both expression forms (Linear regression; p<0.05).
Data obtained between 1998 and 2002
From the dataset on the frequency values obtained 8 to 25 yr after finishing the underground work the frequency values are still higher than the population background. A tendency is observable that the dicentric aberrations decreased (Fig. 2 ) during this period, although it was not statistically significant (Mann Whitney test and Kruskal-Wallis test with Dunn's Multiple Comparison post-tests; p>0.05). Dicentric aberrations were found both in active workers and in former uranium miners in 40% of persons. Therefore the real burden of these workers could be assessed when the persons not carrying dicentric aberrations were omitted. Of course, the aberration frequencies in these "positive" cases were even higher than that found in the overall group. In this grouping too, no significant decrease in aberration frequencies were found in two decades (Mann Whitney test and KruskalWallis test with Dunn's Multiple Comparison post-tests; p>0.05) (Fig. 3) (Fig. 4) , whereas the deletions were found almost unchanged (Fig. 5) . In spite of the slight changes in the different types of aberrations separately, the frequency of total aberrations in the overall worker population was decreased significantly with time (Mann Whitney test and Kruskal-Wallis test with Dunn's Multiple Comparison post-tests; p<0.05) (Fig. 6) . It has to be noted that despite the decreases, the values for total aberrations have not reached the background level of the Hungarian population (0.88%) 8) . *Data are based on an earlier publication covering the Hungarian general population 8) , such figures as "12 in 17,500" mean the number of aberrations out of the number of cells scored. 
Discussion
The collection of the two datasets presented has made it possible to follow the persistence of chromosome alterations long after exposure. Obviously in time distances of from several years to more than two decades the same persons could not be followed up. Nevertheless categorization of the miners investigated has provided a sound basis for comparison as it can be supposed that a fairly large number in the retired group have been similarly damaged. This is supported also by the findings that in both groups a surprisingly large fraction (approximately 40%) carried aberrations.
For comparison the unexposed Hungarian population control aberration frequencies were taken from an earlier publication 8) and these values were in good agreement with those obtained by other authors [9] [10] [11] . But the [1998] [1999] [2000] [2001] [2002] . No significant differences were found among the various columns (p>0.05).
Only those groups are shown and evaluated where the number of cells was higher than 1,000. frequencies obtained for any group of miners were much higher than the values for the unexposed population. From the data presented it is obvious that a considerable number of persons carry cytogenetic alterations which suggest a long-term persistence of aberrations. Similar phenomena were found among the clean-up-workers in Chernobyl and it was suggested that certain clastogenic factors might maintain the cytogenetic alterations 12, 13) . It has to be mentioned, however, that long-lasting chromosome aberrations were demonstrated earlier in Abomb survivors 14) , in Japanese fishermen exposed to fallout radiation 15) , and in therapeutically irradiated ankylosing spondylitis patients, too 16) . In our investigations it is planned to analyse the presence of clastogenic factors and a few response-modifiers such as the tumor necrosis factor alfa (TNFα) as well as the total antioxidant status of former miners.
In the occupational health aspects of uranium miners the lung cancer issue has been in the limelight for several decades 17) . Epidemiological studies were also performed for the Hungarian uranium miners. The final conclusions on risk evaluation are in good agreement with other data on underground miners 18, 19) . The present study did not aim to reveal a direct correlation between the chromosome aberrations and lung cancer risk. This approach was raised only recently on an international scale when the EU initiated a project on cytogenetic biomarkers and human cancer risk within the 5 th framework program 20) . We are also participants in this project. It is, however, a great dilemma whether the studies on uranium miners will be able to indicate individual risks or risks for a group of occupationally exposed persons. Our present study, as reported above is aimed at revealing cytogenetic alterations and their longterm persistence in the large number of lymphocytes collected in members of the relevant groups.
In summary, an increasing tendency was found in the frequency of chromosome aberrations in uranium miners as a result of their exposure to radon. A comparison of the miners' categories 20 yr ago and those in recent years demonstrated the long-term persistence of aberrations after completion of underground mining activities.
